(E) Immunoblot analysis of tissues from wildtype and β1-/-mice using β-gal antibody to detect the β1-βgal fusion protein.
(F) Lysates from MEFs prepared from β1-/-mice were analyzed by immunoblot using β1/β2 C-terminal-specific antibody. Note the absence of β1 in MEFs derived from mice homozygous for the β1 mutant allele. (G and H) Immunohistochemical analysis of E14.5 brain from β1-/-mice was performed using phospho-specific AMPKα1/2 Thr172 (G) and ACC Ser79 (H) antibodies. (I) Presence of nuclear phospho (active) AMPK (punctate appearance) in wild-type brain. Nuclei were counterstained with DAPI. (I-K) Immunohistochemistry of P14 wildtype and β1-/-brains using PAR3 antibody (I), and immunocytochemistry of cultured embryonic neurons using PAR3 (J) and phospho-PKCξ (K) antibodies. DAPI staining (blue) was used to highlight the nuclei. * p < 0.001. Error bars indicate SD. Oxygen consumption {basal and uncoupled (maximal)} was measured using a Clark Oxygen electrode in wildtype, β1-/-and β1+/-NPCs and MEFs. Experiments with MEFs were performed three times from three independent litters and data shown is representative. For NPC experiments, the NPCs derived from four wildtype and four β1-/-embryos obtained from 3 independent litters were pooled.
(C) Immunoblot analysis of wildtype, β1-/-and β1+/-NPCs using antibodies against Glut1 and Glut4. (D) NPCs were isolated from telencephalon of wild-type or β1-/-embryos, cultured, and the diameter (measure of cell growth) of the derived neurospheres was determined.
(E) The number of cells generated from primary, secondary and tertiary neurospheres during NPC growth assays was determined. * p < 0.001. Error bars indicate SD. (A) Lysates of NPCs were analyzed by immunoblot using an antibody that recognizes the C-terminus of both β1 and β2. (B) Immunoblot of cytoplasmic and nuclear lysates of NPCs using pAMPKα1/2 Thr172 and pan AMPKα1/2 antibodies. The lysates were also probed with anti-tubulin and antihistone H4 antibodies to verify the purity of nuclear and cytoplasmic fractions. (C) Immunocytochemistry using either β1-or β2 N-terminal-specific antibodies (red). Nuclei were counterstained with DAPI (blue). Note: β1 is present in the nucleus and cytoplasm, whereas β2 is present mainly in cytoplasm. (D) Immunoblot analysis of nuclear and cytoplasmic fractions of wildtype NPCs using the β1/β2 C-terminal-specific antibody. (E) Densitometry was used to quantify the amount of β1 and β2 in the nuclear and cytoplasmic compartments. AU = arbitrary units. (F) Immunoprecipitation of AMPK from wildtype NPCs with AMPKα antibody followed by immunoblot using a β1/β2 C-terminal-specific antibody to detect β subunits present in the AMPK heterotrimer. (G) Densitometry quantifying the amount of β1 vs. β2 complexed with α subunits in NPCs.
(H) Immublot analysis of lentivirus infected AMPKβ1-/-NPC lysates with β1/β2 Cterminal-specific antibody after immunoprecipitation with anti-His antibody. (I) AMPKβ1-/-NPCs were infected with lentivirus expressing GFP (control), β1 or constitutively active (ca) AMPKα2 and wildtype NPCs were infected with lentivirus expressing GFP (control) or dominant negative (dn) AMPKα2 and propidium iodide (PI) uptake was monitored.
Figure S11. Normal Expression of Many Cell Cycle Regulators in β1-/-NPCs
Lysates of NPCs were analyzed by immunoblot using phospho-specific and pan Erk1/2 (A) and Akt antibodies (B). (C) Immunoblot analysis of wildtype, β1-/-and β1+/-NPCs using antibodies against phosphoGSK3αβ Ser21/9 , pan GSK3αβ, N-Myc, CyclinD1, CyclinD2, p16, and (D) against p18, p21, p27, p53, and tubulin. 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES Genotyping Protocol for the AMPKβ1 Mutant Mice
The insertion site of the gene trap within the β1 locus was identified using a PCR ladder approach. Twelve forward primers were designed 250 bp apart within intron 5 where the β-geo trap was inserted. The reverse primer was designed from the En2 sequence located in the gene trap N-terminus (primer e in Fig. S1A ). PCR fragments were obtained and sequenced to identify the site of insertion. Primer 'c', which was closest to the insertion site, and primer 'e' were used for subsequent PCR genotyping reactions (Fig. S1A) . The wild type β1 fragment was detected using primer 'c' and a reverse primer (primer d in Fig S1A) corresponding to β1 intronic sequences located ~200 nt downstream of the gene trap 5' junction. Southern blot analysis was performed by standard methods using a probe derived from the β-geo cassette.
Tissue Preparation for Morphological and Immunohistochemical Analysis
P14 and P7 mice were perfused transcardially with 4% paraformaldehyde. Brains and optic nerves were dissected, and imaged with a digital camera (Photometrics, Buckinghamshire, UK) attached to a dissection microscope (Nikon, Japan). For histological analysis, brains were fixed in Bouin's fixative and processed for paraffin embedding and sectioning. Brain sections were stained with H&E and imaged with digital camera attached to a Nikon microscope. Brain sections were stained by Bielschowsky's silver impregnation to detect axons. Immunohistochemistry was performed on deparaffinized six micron sections using antigen retrieval by standard methods.. For studies of embryos (E14.5, E18.5), the brains were fixed in 4% paraformaldehyde and cryoprotected in 30% sucrose in 0.1M phosphate buffer at 4°C. Tissues were embedded in OCT compound (Tissue-Tek, Torrance, CA) and frozen in cryomolds in liquid nitrogen. Cryosections (10 µm) were collected on Superfrost glass slides, permeabilized with 0.1% Triton X-100 in PBS, blocked with 10% horse serum in PBS, and incubated with primary antibodies at 4 0 C for 18 hr.
Immunohistochemistry
The primary antibodies used on post natal brain sections were NeuN, Calbindin (Millipore, Billerica, MA), GFAP, S100β (Sigma, St Louis MO), MAP2 (BDPharmingen, Franklin Lakes, NJ), APC (Calbiochem, San Diego, CA), and MBP (Sternberger Monoclonals Inc. Baltimore MD). Donkey anti-sheep HRP secondary antibody was used for microscopic visualization (Jackson ImmunoResearch, West Grove, PA). For BrdU incorporation studies, E14.5 pregnant mice were injected intraperitoneally with BudU (100µg/g body weight) and cryosections were processed as described (Wojtowicz and Kee, 2006) . The following primary antibodies were used with this protocol: Ki67 (Vector laboratories, Burlington, Ontario, Canada), PhosphohistoneH3, Nestin, Sox2, BLBP, PAR3 (Millipore, Billerica, MA) Tuj1 (Covance, Richmond, CA), Olig2, BrdU (Abcam, Cambridge, MA), GFAP, Cleaved Caspase3, AMPKα1/2, phospho-AMPKα1/2 Thr172 , ACC, and phospho-ACC Ser79 (all from Cell Signaling Technology, Beverly, MA), GABA (Sigma, Saint Louis, MO), phospho-GABA (Phosphosolutions, Aurora, CO). Microscopic visualization was obtained using appropriate Alexa 488, Alexa 568 (Invitrogen, San Diego, CA) and Cy3-tagged (Jackson ImmunoResearch, West Grove, PA) secondary antibodies. VECTASHIELD mounting medium (Vector laboratories, Burlington, Ontario, Canada) containing DAPI was used to counter stain nuclei and preserve fluorescence.
Immunocytochemistry
NPCs, MEFs and granule cell neurons cultured in vitro were fixed with 4% paraformaldehyde, blocked with 10% horse serum in PBS containing 0.1% Triton-X100 and incubated with primary antibodies at 4 0 C for 18 hr. The primary antibodies used were AMPKβ1 (#4182, Cell Signaling Technology, Beverly, MA), AMPKβ2 (#4148, Cell Signaling Technology, Beverly, MA), PKCξ (Cell Signaling Technology, Beverly, MA), Glut1 (Rabbit polyclonal, a gift from Dr. Mike Mueckler, Washington University, Saint Louis), Glut4 ((Rabbit polyclonal, a gift from Paul Hruz, Washington University, Saint Louis), Acetylated tubulin (Sigma, Saint Louis, MO), Tuj1 (Covance, Richmond, CA), GFAP (Abcam, Cambridge, MA), O4 , O1 (Millipore, Billerica, MA), Aquaporin 4 (Abcam, Cambridge, MA). Microscopic visualization was obtained using appropriate Alexa 488, Alexa 568 (Invitrogen, San Diego, CA) and Cy3-tagged (Jackson ImmunoResearch, West Grove, PA) secondary antibodies. Nuclei were counter stained with DAPI.
In Vitro Culture of Neural Progenitors
Telencephalic vesicles were digested with trypsin digest buffer containing 0.2% BSA (Sigma, St. Louis, MO), 0.5 mg/ml DNase I (Sigma), and 10% trypsin-EDTA stock (BioWhittaker, Walkersville, MD) in HBSS at 37 0 C for 10 min in a volume of 0.7 ml per vesicle. Equal volumes of 10% FCS medium containing 10% FCS (Life Technologies, Gaithersburg, MD), 2 mM L-glutamine (BioWhittaker), 0.1% glucose (Sigma), and 0.1 mM 2-mercaptoethanol (Sigma) in DMEM/F-12 (Sigma) were added, and vesicles were triturated with 1 ml pipette tips. Pelleted cells were washed with dissociation medium containing 0.1% sodium bicarbonate, 15 mM HEPES (Sigma), 0.5% glucose, and 0.2% BSA in HBSS. Cells were finally resuspended in NSC medium containing Neurobasal medium (Invitrogen, San Diego, CA), 0.5 mM 2-mercaptoethanol, 2 mM L-glutamine, 5 IU of penicillin, and 5 µg/ml streptomycin (BioWhittaker) supplemented with 1% N2 supplement (Invitrogen, San Diego, CA), 2% B27 supplement (Invitrogen, San Diego, CA), 20 ng/ml epidermal growth factor (EGF) (Sigma, Saint Louis, MO), and 20 ng/ml basic fibroblast growth factor (FGF) (R & D Systems, Minneapolis, MN) and cultured in ultra low attachment dishes (Corning, Corning, NY).
Immunoprecipitation, Subcellular Fractionation and Western Blot Analysis
Cultured NPCs or MEFs were lysed with MAPK lysis buffer (20 mM Tris-HCL, pH 7.5, 150 mM, NaCl , 1mM EGTA, 1mM EDTA, 1% TritonX-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Sodium vanadate, 1 mM PMSF, 1 mM DTT and protease inhibitor cocktail). AMPK was immunoprecipitated with AMPKα1/2 antibody (Cell Signaling Technology), Rb was immunoprecipitated with Rb antibody (Santa Cruz Biotechnology, Santa Cruz, California) and cyclinD1/D2 (associated with CDK4/6) was immunoprecipitated with CyclinD1 and CyclinD2 antibodies (Cell Signaling Technology). The primary antibodies were incubated with 100 µg of protein lysate at 4 0 C for 16 hr, the immune complexes were collected by incubation with 10 µl of Protein G beads for 1 hr at 4 0 C and centrifugation. The immunoprecipitated proteins were analyzed by standard immunoblot analysis. Immunoblot analysis was carried out with the following primary antibodies: AMPKβ1/β2 C-terminal, AMPKα1/2, phospho-AMPKα1/2 Thr172 , ACC, phospho-ACC Ser79 , pRbSer 800/804 (Ser 807/811 in human) pRb Ser780 , E2F1, phospho-Erk1/2 Thr202/Tyr204 , Erk1/2, phospho-Akt Ser473 , Akt, phospho-GSK3αβ Ser21/9 , Gsk3β, Histone H4, N-Myc, CyclinD1, CyclinD2, phospho-p53 Ser15 , p53 (all from Cell Signaling Technology, Beverly, MA), Rb, p18, p21, p27 ( all from Santa Cruz Biotechnology, Santa Cruz, California), p16 (BD-Pharmingen, Franklin Lakes, NJ), α-Tubulin (Sigma, Saint Louis,, MO), β-Gal (Roche, Indianapolis, IN) Glut1 (Rabbit polyclonal, a gift from Dr. Mike Mueckler, Washington University, Saint Louis), Glut4 (Rabbit polyclonal, a gift from Paul Hruz, Washington University, Saint Louis), and p19
Arf (Rabbit polyclonal, a gift from Dr. Jason Weber, Washington University, Saint Louis). Detection was performed using anti-rabbit or anti-mouse HRP-linked secondary antibodies (Cell Signaling Technology, Beverly, MA) followed by Chemiluminescence (Millipore, Billerica, MA). When applicable, subcellular fractionation was performed using a commercially available kit (BioVision Inc. Mountain View, CA) following manufacturers instructions.
SAMS Peptide Assay
SAMS peptide assay to monitor AMPK activity was performed as described with some modifications (Derave et al., 2000; Winder et al., 1996) . Briefly, tissues were homogenized with a motorized tissue homogenizer for 20-30 s in 500 µl of ice-cold buffer (225 mM mannitol, 75 mM sucrose, 10 mM Tris-HCL, pH 7.4, 1 mM EDTA, 5 mM sodium pyrophosphate, 50 mM NaF, 1 mM dithiothreitol, 1.5 mM PMSF, and protease inhibitor cocktail). The homogenate was centrifuged for 1 min at 15,000 x g, and the supernatant was stored in aliquots at -80°C for later determination of protein concentration and AMPK activity. AMPK holoenzyme was immunoprecipitated using AMPKα1/2 antibody and Protein G agarose from 200 µg of protein lysate, the beads were washed twice with kinase buffer (20 mM Tris-HCL, pH 7.5, 7.5 mM, MgCl 2 , 0.5 mM EGTA, 25 mM β-glycerophosphate, 0.5 mM Sodium vanadate, 1 mM PMSF, and protease inhibitor cocktail), and used in the kinase reaction (25 µl immunoprecipitate beads). The kinase reaction containing immunoprecipitated AMPK, 100 µM SAMS peptide substrate, 200 µM AMP and 1µl (2 µCi) of 32P ATP was incubated at 30 0 C for 20 min with gentle agitation. The reaction was centrifuged to pellet the beads and 20 µl of supernatant was spotted on Whatman P81 paper. The filter papers were washed thrice with 1% phosphoric acid, once with acetone, air-dried, and radioactivity was counted using a scintillation counter.
Electron Microscopy P14 optic nerves were post-fixed in Karnovsky's fixative for 24 hr. One micron thick plastic-embedded sections were prepared and stained with toluidine blue. For EM, ultrathin sections were prepared, stained with uranyl acetate and lead citrate and examined with a JOEL 1200 electron microscope (JEOL, Peabody, MA) Seizure Study EEG recordings were obtained by placing two screw electrodes over each cerebral hemisphere to differentially record EEG compared to a midline reference screw electrode, using standard AC EEG amplifiers (Astro-Med, West Warwick, RI). The EEG was filtered (high frequency 100 Hz), digitized (200 Hz), and stored using PC-based commercial hardware and software (Digidata and Axoscope, Molecular Devices, Sunnyvale, CA). Mouse behavior was recorded simultaneously with a PC-based video camera system (Sanyo camera coupled to an MPEG1 encoder from Darim Vision, Ltd). Mice were monitored for behavioral and electrographic seizures for 30 min, then they were sacrificed. All aspects of this work were performed in the P30 Animals Model Core of the Hope Center for Neurological Disorders at Washington University.
In Vitro Culture of Granule Neurons and MEFs
Cerebellar granule cells were prepared from P2 animals as described (Segal et al., 1995) Briefly, cerebella were chopped by razor blade and digested in Trypsin/EDTA at 37 0 C for 20 min. Trypsinization was stopped by adding equal volume of DMEM containing 10% FCS, and supernatant cell suspension was collected after allowing the debris to settle for 10 min. The supernatant was centrifuged and pellet was carefully overlaid on a Percol gradient (2 ml of 65% Percoll in HBSS, 2 ml of 35% Percoll in HBSS, and then 2 ml of cell suspension). The gradient was spun in a 15 ml tube at 4500 rpm (2000 X g) for 20 min. The gradient was then divided into thirds. The middle third, which contained the granule cells, was plated in DMEM with 10% FCS on a tissue culture dish treated with poly-D lysine (50 µg/ml) for 30 min to remove the adherent glial cells. The medium containing the non-adherent cells was centrifuged. Finally, the pelleted granule cells were resuspended in DMEM containing 10% FCS, 0.1 mg/ml BSA, and 20 mM KC1 to improve granule cell viability and plated on to polyornithine coated plates. Neurite outgrowth was analyzed by adding NT3 (10 ng/ml) or BDNF (10ng/ml). For aggregate formation, purified granule cells were allowed to form aggregates overnight plated in high density onto 48 well dishes. MEFs were prepared from E13.5 embryos following a standard NIH 3T3 cell culture protocol. After removal of the head and visceral portions, the fibroblastic tissues were minced with razor blades and digested in 0.25% trypsin-EDTA solution for 1 h at 4 0 C. Dispersed cells from each animal were plated in 100-mm plates in DMEM supplemented with 10% FCS, 2mM L-glutamine, 0.1 mM non-essential amino acids and antibiotics and grown until confluence. Cells were trypsinized and re-plated (10 6 cells/100-mm dish) every 3 days.
NPC Proliferation, Apoptosis, and Differentiation
For NPC proliferation assay, NPCs were labeled with CFSE {5-(and-6)-Carboxyfluorescein diacetate, succinimidyl ester}. CFSE (Invitrogen) is a cell-permeable fluorescent dye that is metabolized by nonspecific esterases to result in a compound that gets trapped in the cytosol. Dividing daughter cells receive one-half the amount of dye and, with continued division, lose one-half of the fluorescence with each subsequent cell division. We pulse-labeled both β1+/+ and β1-/-NPCs with 5 µM CFSE at 37 0 C for 15 min in the dark. Cells were washed, and one-half of the cells were analyzed by flow cytometry. The remaining cells were allowed to grow for 4 days, and the fluorescence intensity was measured as above. Cell cycle study was performed using propidium iodide staining followed by flow cytometric analysis. For apoptosis assays, 1 µl of propidium iodide (BD-Pharmingen, Franklin Lakes, NJ) was added to neurosphere cultures, incubated for 5 min and imaged by a CCD camera attached to an inverted fluorescent microscope (Nikon). Neurospheres were trypsinized and percentage of propidium iodide positive cells was counted under a fluorescent microscope. For neurosphere differentiation assays, neurospheres were seeded individually onto poly-D-lysine (50 µg/ml)-coated and fibronectin (10 µg/ml; Invitrogen, San Diego, CA) -coated wells and allowed to differentiate in growth factor-free N2, B27 supplemented medium for 6 days. After fixation, permeabilization and blocking, cells were stained with rabbit anti-GFAP (Abcam), mouse anti-Tuj1 (Covance, Berkeley, CA), and mouse anti-O4 IgM (Chemicon, Temecula, CA) primary antibodies, followed by incubation with appropriate Alexa Fluortagged secondary antibodies (Invitrogen, San Diego, CA) to detect astrocytes, neurons, and oligodendrocytes, respectively.
Cellular Respiration
Oxidative respiration studies were performed using a Clark oxygen electrode (Oxygraph; Hansatech Instruments, Norfolk, UK) as described previously (Chen et al., 2005) . Briefly, 2x10
6 NPCs or MEFs from each genotype were resuspended in 300 µl of TD respiration buffer (137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , and 25 mM Tris-HCl, pH 7.5) and placed into the oxygraph chamber. After equilibration for 1 min, the chamber was stoppered, endogenous oxygen consumption was measured for 3 min. Maximal (uncoupled) respiration was monitored by adding 2,4-dinitrophenol (Sigma, Saint Louis, MO) to a final concentration of 400 nM.
Quantitative RT-PCR Analysis RNA was isolated from NPCs using Trizol (Invitrogen, San Diego, CA). Quantitative RT-PCR analysis was performed using Sybr-Green methodology on a model 7500 Fast instrument (Applied Biosystems, Foster City, CA) as before (Araki et al., 2004) . 
Primer Sequences

Plasmids and Viruses
The dnAMPK and caAMPK plasmids were gifts from Russell Jones (University of Pennsylvania, Philadelphia PA). The human AMPKβ1 and β2 full length cDNAs were purchased from OpenBiosystems. All constructs were subcloned into the lentiviral shuttle vector FCIV and verified by nucleotide sequence analysis. The human β1 and β2 cDNAs were N-terminally tagged with the 6X His epitope. Viruses were prepared as described previously (Araki et al., 2004) . Rb mutants were made from wild type mouse Rb cDNA purchased from Open Biosystems and using Quickchange II-XL site-directed mutagenesis kit (Stratagene, La Jolla, CA).
